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The Society for Developmental Biology 64th annual meeting took place by the beautiful San Francisco Bay from July 27th to August 1st,
2005. Organized under the leadership of Judith Kimble (SDB President, U. Wisconsin-Madison), the meeting attracted over one thousand
developmental biologists from all over the world. They gathered to present data, exchange ideas and enjoy basking in the warm sun on the piers.
Strong themes emerged from the diverse subjects discussed at the meeting, demonstrating exciting trends towards the unifying goal of
understanding the progression from a single cell to an adult organism.
Cell and Tissue Polarity was a recurring topic at the meeting. Questions like ‘‘is there polarity’’, ‘‘how is it achieved’’ and ‘‘how is it linked to
stem cell maintenance’’ were discussed. Post-transcriptional regulation involving protein degradation and microRNA (miRNA) modulation of
gene expression was featured in the context of transition between meiosis to mitosis and asymmetries in the embryo. It is apparent that
Evolutionary Developmental Biology, once a major driving influence in the early days of the field, continues to enjoy a renaissance as researchers
familiar with traditional model organisms are increasingly attracted to the field and as modern genetic and molecular approaches are applied to an
increasingly varied assortment of organisms. The attention is beginning to pay off as laboratories are starting to generate significant results
shedding light into how developmental programs are altered to generate morphological diversity. In the Satellite Symposium on Plant
Development held on July 27th, 2005, the overriding theme was on the identity and maintenance of Stem Cells in Plants. Finally, researchers
working on diverse organisms have shown a strong effort to address Developmental Coordination: on the subcellular, cellular and tissue levels.
Advanced imaging techniques are combined with traditional genetic methods to scrutinize and compare dynamic processes in four dimensions.
This tremendous increase in resolution has facilitated the identification of key signaling mechanisms that embryos utilize to form coordinated body
plans.
For an exceptional effort in keeping with Society tradition, the 2005 annual meeting also offered opportunities to address broader issues
revolving around education and professional development as well as a special session on embryonic stem cell research. Throughout the 5-day
meeting, participants found time to honor the contributions of colleagues, exchange career and grant planning strategies, contemplate the big
picture and recognize the efforts of young investigators, postdoctoral fellows and students.
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Central to developmental biology is the notion of creating
differences, and the differences between portions of a cell (i.e.,
cell polarity) were considered as avidly as the differences
between cells. The polarization of the fertilized egg ofC. elegans89 (2006) 273 – 282
www.e
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polarity since this developmental event is particularly amenable
to a host of techniques including live imaging, drug treatment
and, most importantly, RNAi. Three speakers discussed insights
into how this initial developmental event is regulated.
Bruce Bowerman (Oregon) discussed the mechanisms that
give rise to the asymmetric positioning of the first mitotic
spindle, which leads the initial cell division to give rise to
daughters with two distinct fates. Mitotic spindle positioning
depends on negatively regulating the ‘‘Katanin’’ microtubule
severing activity of the MEI-1 protein. After meiosis, Katanin
is targeted for degradation by two additional proteins, MEL-26
and RFL-1. MEL-26 is a BTB protein that is part of a cullin-
based E3 ubiqutin ligase, while RFL-1 is an E1 activating
enzyme for the ubiquitin-like protein Nedd8. Neddylation of
this Cullin3-based E3 ligase regulates its ability to degrade
Katanin. Protein degradation is thus required not only for
turnover of the familiar regulators of the cell cycle such as
cyclins but also for the cytoskeletal machinery that allows
chromosome segregation and cell division. Bowerman then
went on to discuss a screen that looked for new factors required
for Katanin degradation. One such factor, dcn-1, encodes a
novel protein that is required for cullin neddylation not only in
C. elegans but also in budding yeast. Bowerman suggested that
dcn-1 may act as an E3 ligase at the final stage of cullin
Neddylation.
Julie Ahringer (Gurdon institute) reported further progress
from a large-scale RNAi screen that identified many genes
regulating the first divisions of the worm zygote. RNAi induced
by a gene called chp-1 causes defects similar to those of mutants
in the Par genes, which polarize the cortex of the one-cell
embryo into anterior and posterior domains. In chp-1 (RNAi)
embryos, the complementary domains of par protein expression
are intact, but the anterior (PAR-2) domain is expanded, while
the posterior (PAR-3) domain is reduced. This phenotype
suggests that chp-1 regulates the antagonistic activities that lead
to the balanced partition between the Par proteins. CHP-1, a
novel protein, is not itself asymmetrically localized, but its
Arabidopsis homolog Rar1 associates with the COP9 signalo-
some. COP9 cleaves Nedd8 from the cullin machinery, thus
activating cullins to promote proteasome-mediated degradation.
The precise mechanism is not yet clear but Ahringer presented
genetic interactions suggesting that anterior Par proteins may be
the ultimate target of CHP-1 regulation.
Geraldine Seydoux presented another example of the
importance of protein degradation in the early C. elegans
embryo. Seydoux’s laboratory has found a connection between
two critical events triggered by fertilization: the meiosis to
mitosis transition and establishment of A–P polarity. MEI-1
degradation is critical for the first of these events, and previous
work had shown that PIE-1 and other CCCH finger proteins
found associated with the germ plasm are degraded in the
anterior cells of the early embryo, confining their activity to the
posterior primordial germ cell only. Degradation of these
maternal proteins helps to drive the oocyte to embryo transition
and is controlled in part by MBK-2, a DYRK kinase and
homolog of Drosophila protein Minibrain. MBK-2 phosphor-ylation consensus sites have been found on at least two target
proteins, MEI-1 and OMA-1; phosphorylation by MBK-2
appears to target these proteins, and possibly others, for
degradation. Perhaps the most surprising finding is that
MBK-2 seems to be activated by progression through the
meiotic divisions rather than by fertilization, suggesting that
meiotic progression activates a program that remodels the
cytoplasm of the oocyte to allow embryonic (i.e. somatic)
development to begin.
Switching organisms, the importance of protein turnover to
cell polarity was emphasized by David Bilder (Berkeley) in the
context of another favorite system, Drosophila epithelial cells.
Bilder described a genetic screen for regulators of epithelial
organization. One mutant identified, called avalanche (avl),
causes loss of apicobasal polarity. Avl encodes a syntaxin,
indicating that the avl polarity defects result from defective
vesicle-mediated protein trafficking. Surprisingly, Avl is re-
quired not for exocytic traffic but for endocytic removal of
proteins from the cell surface. Bilder provided evidence that
Crumbs, an apically localized polarity regulator, is an important
target of Avl-mediated endocytosis. Bilder further showed that
loss of apicobasal polarity associated with avl mutations results
in overproliferation of formerly epithelial cells to create
multilayered masses of tumorous tissue. This phenotype can
be replicated by overexpression of Crumbs alone, indicating
that altering cell polarity can directly cause overproliferation.
A connection between cell polarity and cell proliferation
was further demonstrated by Chris Doe (U. Oregon) in studies
of the self-renewing properties of Drosophila neuroblasts.
Neuroblasts in Drosophila larvae are undifferentiated but
multipotent proliferative precursors with many similarities to
mammalian stem cells; there is even evidence that a niche-like
environment is required to keep them in a self-renewing state.
In a screen for factors that control self-renewal, mutants were
identified with both decreased and increased numbers of
neuroblasts. Interestingly, several of these mutants are known
to affect the polarization of the cell cortex that permits
asymmetric cell division. Neuroblasts mutant for Pins and
atypical protein kinase C (aPKC), which control localization
of apical proteins, produce fewer progeny, suggesting that
apical polarity is required for self-renewal. Conversely, larvae
mutant for lethal giant larvae (lgl) have greatly increased
neuroblast numbers, suggesting that lgl is required for the
progeny of neuroblast divisions to exit the renewing state. Doe
found that Lgl antagonizes aPKC activity in both cell polarity
and cell proliferation and further showed that hyperactivation
of aPKC can lead to formation of many excess neuroblasts.
Many similar mutants from this screen remain to be cloned,
promising future insight into how cell polarity organizes a self-
renewing state.
Demonstrating that there are yet fundamental discoveries to
be made even in our most well-studied model organisms,
events in the C. elegans one-cell embryo, previously unsus-
pected, appear to bias the embryo toward adopting a specific
L–R ‘‘handedness’’. Bill Wood (U. Colorado, Boulder)
presented evidence that the zygote undergoes a right-handed
120- rotation within the eggshell during late anaphase
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Approximately 50% of embryos lacking par-2, -3 or -6
activity either do not rotate or rotate in the wrong direction;
a subset of these embryos develop L–R reversal. The results of
an RNAi-based screen have lead to the identification of a
number of genes required for correct rotation, as well as
elimination of several other potential candidates. Wood
presented a model in which interactions of the cortical
microtubules with actomyosin, integrity of A–P polarity and
establishment of D–V polarity all contribute to establishment
of L–R asymmetry and an invariant choice of ‘‘handedness’’
by the six-cell stage.
While the importance of cell polarity in invertebrate cell fate
decisions is well-documented, whether polarized cell divisions
in the early mammalian embryo influence the eventual fate of
cells is much less clear. Talks by Magdalena Zernicka-Goetz
(Gurdon Institute) and Takashi Hiiragi (MPI-Freiburg) brought
live imaging, multicolor labeling and three-dimensional recon-
struction to bear on this question. In particular, both groups
investigated key parameters leading to the determination of the
embryonic–abembryonic axis in the blastocyst. The two
speakers provided different perspectives as to the stage and
mechanism of the emergence of prepattern. Zernicka-Goetz
emphasized that prepattern is influenced by the timing and
orientations of the first two rounds of cleavage division leading
to cells of the 4-cell embryo having different patterns of
chromatin modification and differing developmental properties
when combined together in chimeras (Piotrowska-Nitsche and
Zernicka-Goetz, 2005; Piotrowska-Nitsche et al., 2005; Plusa
et al., 2005). Hiiragi emphasized that prepattern is not
determined until the blastocyst stage by mechanical constraints
from zona pellucida and outer epithelial seal (Hiiragi and
Solter, 2004; Motosugi et al., 2005). These contradictory
perspectives led to questions from the audience on the
differences of techniques, mouse strains and whether the
results from the groups are truly qualitatively distinct. While
not settled in the session, an upcoming workshop to be
attended by the speakers and other protagonists in this research
area may provide some clarity as to whether these early
divisions provide any prepattern to the mouse embryo.
Post-transcriptional regulation: Swiss Army knives and
more. . .
Like governing bodies everywhere, organisms are demon-
strating their preference for multiple levels of regulation. Not
surprisingly, differential regulation at both the transcriptional
and translational levels were popular topics as such mechanisms
are a primary means by which asymmetry and thus different cell
fates can be established. But, as demonstrated in the section
above, protein degradation is also emerging as an important
regulatory mechanism in development. Both Geraldine Seydoux
(Johns Hopkins Medical) and Ruth Lehman (Skirball Inst,
NYU) discussed the roles of multiple regulatory mechanisms
controlling establishment and maintenance of the germ line in
worms and flies, respectively. Although the mechanistic details
in the two species differ, common themes include repression ofmRNA transcription, and germline-specific localization and
stability of maternal mRNAs/proteins. Meanwhile, as tools to
identify and study miRNAs continue to advance, somewhat
conflicting views appear to be emerging on the relevance of
miRNAs in development: miRNAs appear to bully (serve as a
primary regulatory mechanism) in some cases but only to
micromanage in others. Either way, we seem to be finding that
our favorite organisms have more tools in their belts than
previously appreciated and that many resemble multi-functional
Swiss Army knives.
An elegant example of a regulatory circuit involving both
transcriptional and miRNA-mediated regulation was presented
by Oliver Hobert (Columbia U. Medical). A ‘‘bistable negative
feedback loop’’ appears to function in the worm to establish the
fates of the two ASE L and R chemosensory neurons; the left
and right neurons look identical but function differently (one
senses Na+ and the other Cl due to different guanalyl cyclase
receptors). A GFP-based genetic screen for symmetric expres-
sion in the two neurons resulted in two classes of mutants: those
producing two ‘‘right’’ neurons and others producing two ‘‘left’’
neurons. Several critical transcription factors were identified in
the screen along with two miRNAs (Johnston et al., 2005). The
miRNA mir-273 was fine-mapped and identified by compari-
son with the C. briggsae genome, a successful strategy that
identified the highly conserved miRNA as well as conserved
sequences in the 3VUTR of its target, die-1, which also emerged
from the screen. The current model consists of a set of gene
interactions in which cog-1, which encodes a transcription
factor, is more strongly expressed in the ASE-R neuron and
activates transcription of mir-273, which then binds to the
3VUTR of die-1, thus resulting in die-1’s downregulation in the
right neuron; die-1 ends up being more strongly expressed in
the L neuron and activates lsy-6, another miRNA, which has
been shown to be necessary and sufficient for ASE L fate, and
which represses cog-1. Once the loop is established, the
appropriate guanalyl cyclases are differentially expressed in
the two neurons. Interestingly, ASE cells express both L and R
markers at birth, but asymmetry is established by the late
embryo stage. Further work is designed to identify what factors
bias the cells to initially establish asymmetry in the loop.
An example of a miRNA that functions in a fail-safe
mechanism to assure fidelity of expression domains was
presented by Eran Hornstein, a postdoctoral fellow in Cliff
Tabin’s laboratory (Harvard Medical). Retinoic acid has been
previously shown to experimentally activate Hoxb8 in the
mouse forelimb but is unable to do so in the hindlimb due to
the presence of an endogenous inhibitory activity; however, in
conditional Dicer knockout hindlimbs, RA induction of Hoxb8
can occur, suggesting that the inhibitory activity may be an
miRNA. That Dicer deficiency per se did not result in Hoxb8
induction suggests transcription as the predominant regulatory
mechanism, independent of small RNAs. Use of a miRNA
microarray identified miR-196, a known inhibitor of Hoxb8, as
being differentially expressed in the hind- versus forelimb.
Low levels of Fleaky_ Hoxb8 expression and miR-196-directed
degradation could be detected in the naive hindlimb bud by 5V
RACE, indicating that miR-196 is an in vivo inhibitor of
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hindlimb. These findings support the idea that a role for at least
some miRNAs in vertebrate development may be to prevent
inappropriate activity of genes in domains where they are
already repressed transcriptionally.
Utilizing yeast molecular genetics and biochemistry, Marv
Wickens (U. Wisconsin-Madison) described work designed to
reveal how PUF proteins (which include Pumilio in Drosophila
and FBF in C. elegans) recognize their specific 3VUTR targets.
PUF proteins contain eight recognition helices that each bind to
a single base in the mRNA target sequence; binding appears to
trigger deadenylation and thus destabilization of the target
mRNA or its translational repression. The amino acids that
contact the bases are typically identical, and yet different PUFs
bind different sequences. Earlier work using point mutations
identified the critical nucleotides comprising the core FBF-
binding site. Wickens shared recent results from his laboratory
demonstrating that the spacing of conserved bases in the target
sequence is critical, such that an FBF-binding sequence can be
recognized by PUF8 with the deletion of a single ‘‘spacer’’
base. A short region of FBF is responsible for the specificity.
This ‘‘modularity in extremis’’ indicates that FBF may possess
a structural distortion that requires a nucleotide so that all eight
repeats can align with eight other nucleotides simultaneously.
Studies of developmental processes often lead to insights
into general cellular processes, which may turn out to be the
case in recent work presented by Jim Wilhelm (Carnegie Inst.,
Embryology). Focusing on yet another level of regulation,
Wilhelm described a newly identified gene in Drosophila,
called trailer hitch (tral), that is part of an RNA–protein
complex required for proper protein trafficking in the
Drosophila oocyte. Future work should lead to further insightsFig. 1. Cis-regulatory evolution driving morphological adaptations. In all gene diagr
Freshwater sticklebacks have reduced Pitx1 expression in developing hindfins, presu
pelvic structures relative to marine lineages. (B) Small sequence differences in a w
pigmentation patterns in two Drosophila species. See text for details. Fish drawings
wing images courtesy of Nature Publishing Group, N. Gompel, B. Prud’humme aninto how mechanisms controlling RNA localization and
translation may act to promote efficient protein secretion.
New trends in evolution: sky is the limit. . .
In the realm of evo–devo, strong effort has been made to
increase both the depth and the width of the questions being
addressed. David Kingsley (Stanford U.) and Sean Carroll (U.
Wisconsin-Madison) provided evidence for a type of evolu-
tionary change long suspected to be important: evolution of
cis-regulatory sequences resulting in adaptive changes in
animal morphology (Fig. 1). Kinsgley described developmental
differences between marine and freshwater sticklebacks (http://
cegs.stanford.edu/index.jsp), including the reduction of pelvic
structures in freshwater varieties. Linkage mapping identified
Pitx1 as a major determinant of pelvic development. The
sequence of the PITX1 protein was found to be identical in
both groups, but the pattern of gene expression was different:
Pitx1 transcript was detected in the pelvic regions of marine,
but not freshwater, stickleback larvae (Fig. 1A) (Shapiro et al.,
2004). Misexpression of Pitx1 in the pelvis of developing
freshwater sticklebacks was sufficient to partially restore the
pelvic skeleton to its marine form. Normal expression was still
seen in other tissues in the freshwater fish, and analysis of
hybrids showed that the altered expression in the pelvis is due
to a cis-acting change in the freshwater allele. Kingsley
proposed that the loss of a pelvic enhancer of the Pitx1 gene
in freshwater sticklebacks resulted in a reduction of pelvic
structures—presumably an advantageous morphological
change since it has occurred in multiple freshwater lineages.
Three days later, Carroll described work on the evolution of
fruit fly wing pigmentation patterns that nicely paralleled theams, exons are depicted as black rectangles and enhancers as colored ovals. (A)
mably due to the loss of a hindfin enhancer of Pitx1; this results in loss of adult
ing-specific enhancer of the yellow gene contribute to strikingly different wing
courtesy of Nature Publishing Group, M. Shapiro, M. Marks and D. Kingsley;
d S. Carroll.
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have a black spot on each wing; these spots appear to aid in
wooing females, if one can judge by the way the males showed
off their wing spots in an entertaining fly courtship video shot
by John True (SUNY Stony Brook). This spot of black pigment
corresponds to a patch of strong expression of the gene yellow
in the developing wing (Fig. 1B). In D. melanogaster, a species
lacking wing spots, yellow is expressed at low levels
throughout the prospective wing. Carroll’s group identified
the yellow wing enhancer in D. biarmipes and found changes
relative to the orthologous element in D. melanogaster that are
responsible for the differences in gene expression (Gompel et
al., 2005). Rather than gain or loss of an enhancer, wing spot
evolution in this lineage appears to be driven by small changes
within a pre-existing regulatory element. Neither the stickle-
back nor the fruit fly story is complete—Kingsley’s group has
not yet located the Pitx1 pelvic enhancer, and Carroll’s group
found that, while increased yellow expression in the wing is
necessary to produce a spot, it is not sufficient—but both
stories are satisfying demonstrations of cis-regulatory changes
with developmental and evolutionary consequences.
David Kingsley also addressed several other key questions
in evolutionary genetics based on his work on stickleback
armor plate reduction. They identified the major responsible
locus to encode Ectodysplasin (Eda), a gene that is required for
the formation of a number of ectodermal derivatives such as
hair and teeth in mammals (Colosimo et al., 2005). Interest-
ingly, they found that different isolated populations of stickle-
backs with reduced armor plate fail to genetically complement
for this phenotype, and sequence analysis showed that the sameFig. 2. Representative emerging model organisms. (A) Sticklebacks exhibiting var
species exhibiting plantlet formation on the leaves. (D) Honeybee A. mellifera. (E
perspicillata embryo. Fgf8 is expressed in the forelimb where webbing forms, bu
palmate compound leaf primordium of Schefflera showing the adaxial PHANTAST
green algae Coleochaete and Chara. (I) A planarian in which the stem cells are lab
Drosophila busckii (lower right) stained for Giant (blue), Ku¨ppel (green) and Eve
trends in evolution: sky is the limit. . .gene has been used repeatedly to evolve this trait in freshwater
lakes and streams around the world (parallel evolution and
repeated allele fixation) (Colosimo et al., 2004, 2005).
Following a brief review of data from mammalian studies
showing that mutations in Eda, Eda receptor gene and a
downstream component Edaradd can lead to the same
phenotype, a discussion was carried out between Kingsley
and the audience on why, among the three loci, Eda is
predominantly used in evolution of the armor trait. Several
hypotheses were put forward. First, it is possible that EDA acts
at the rate-limiting step in the pathway. Second, it is possible
that the cis-regulatory mutations in stickleback Eda only affect
its expression related to armor plate formation, while mutations
in other genes may affect their expression/function in
additional tissues that may reduce the fitness of the animal.
The third and perhaps the most intriguing possibility is that
Eda may co-evolve with other traits by genetic linkage.
Kingsley presented supporting evidence that genes involved
in salt tolerance and parasite susceptibility are closely linked to
Eda, and mutations in multiple genes in this extended genomic
region may contribute to an overall selective advantage.
An exciting trend in the evo–devo field is the rise of non-
traditional model systems in invertebrates, vertebrates and plant
kingdoms for the study of development and evolution (Fig. 2).
Mike Levine’s laboratory (Berkeley) is discovering interesting
similarities and differences between the early embryonic
regulatory networks of the honeybee Apis mellifera and those
of Drosophila. In addition, Levine’s group and that of Bob
Zeller (San Diego State) are continuing to explore the
developmental genetics of the sea squirt Ciona intestinalis, aying traits. (B) Parhyale germband elongation. (C) A selection of Kalanchoe
) Fgf8 expression as detected by RNA in situ hybridization in a fruit bat C.
t not in the hindlimb interdigit regions where no webbing is observed. (F) A
ICA expression domain. (G) Sea squirt C. intestinalis larvae. (H) Thalli of the
eled. (J) Embryos of Lucillia (top), Drosophila melanogaster (lower left) and
n-skipped (red). Images courtesy of corresponding presenters featured in New
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important question of how morphogen gradients shift to
accommodate changes in body size. Previous work carried
out in Drosophila has established Bicoid (Bcd) as a key
morphogen in the patterning of the entire anteroposterior axis.
Wieschaus’s group investigated Bcd protein distribution in
eggs of Musca (house flies), Calliphora (blowflies) and
Lucillia (green bottle flies) that are 2.5 to 3 times longer than
that of Drosophila. They found that Bcd distribution is broader
in longer eggs. Furthermore, expression of Calliphora bcd in
Drosophila eggs shows that the Calliphora protein behaves
similarly to that of Drosophila, suggesting that scaling may be
achieved not by mutating protein property, but by changing
other parameters such as the ability of the cytoplasm in
facilitating transport.
Members of Lee Niswander’s laboratory (U. Colorado
Health Sciences Center) reported on the results of a collabo-
ration with Richard Behringer’s group (M.D. Anderson) on the
roles of BMP and FGF signaling in the elongation and webbing
of forelimb digits in the fruit bat Carollia perspicillata, while
Behringer’s and Nipam Patel’s (Berkeley) groups found
evidence for important roles of Hox genes in appendage
development in bats and crustaceans, respectively. Patel
presented movies of an amphipod crustacean, Parhyale
hawaiensis, undergoing segmentation. These movies allow
them to trace cell lineages unequivocally, which has been a
limitation in the field previously. His group is now aligning the
cellular lineages with gene expression patterns to test hypoth-
eses of segment polarity and pair-rule gene function during
evolution. Members of David Crews’s (U.T. Austin) laboratory
presented their studies of temperature-dependent sex determi-
nation in embryos of the red-eared slider turtle. Rob Steele
(U.C. Irvine) gave an update on the Hydra genome and EST
projects and described how that diploblastic cnidarian’s
interesting placement in the tree of life and unique mode of
development (cells are continually flowing from the center to
the ends, changing their cell fate as they go) makes it a
fascinating model system. Alejandro Sa´nchez Alvarado
(HHMI/Utah) presented an update on his laboratory’s work
in the planarian Schmidtea mediterranea. They have now
completed an RNAi feeding screen for genes involved in
regeneration and have identified an exciting collection of genes
which promises to unravel the unifying mechanism of
regeneration from planarians to humans. The multiple posters
presented by his laboratory and by Phil Newmark’s laboratory
(U. Illinois, Urbana-Champaign) demonstrated that the planar-
ian S. mediterranea has emerged as an essential model
organism for systematic searches of genes involved in stem
cell renewal, regeneration and homeostasis regulation. Inter-
estingly, similar approaches are being developed to address
stem cell regulation in the Flatworm Macrostomum lignano
and the Acoel Convoluta pulchra (Peter Ladurner, U.
Innsbruch, Austria).
Sandra Floyd (U.C. Davis) detailed the importance of Class
III HDZIP genes in plant evolution. This class of genes is
present in all land plants and their closest relative, the green
alga Chara, but have not been found in the next closest greenalga Coleochaete. Based on the expression patterns for these
genes, their function in generating organ polarity appears to be
conserved in the seed plants. Genes regulating polarity and
blade outgrowths in lateral organs like leaves were shown by
Neelima Sinha (U.C. Davis) to be important for leaflet
arrangement and also for the generation of leaf complexity.
Coordinated cellular development: how to make the clock
tick. . .
Many researchers working in organisms from Arabidopsis to
mouse have arrived at the complex question of how develop-
ment is coordinated on the cellular level. Solid efforts to address
the problem have been made using high-resolution live imaging,
genome-scale screens, advanced genetic manipulations and
traditional documentation of morphogenesis sequence. Fasci-
nating new links have been uncovered, demonstrating the
creativeness of mother nature at work.
Plant cell biologists have long been intrigued by the fact that
cellulose microfibril arrangements in the plant cell wall closely
parallel the arrangement of cortical microtubules inside the cell.
Current thinking is that the microfibrils act as ‘‘bumpers’’ to
guide the cellulose synthase complexes that deposit the
microfibrils. Alex Paredes (Carnegie Institution, Stanford)
showed that double mutants in two genes, PROCUSTE1
(PRC1), a gene encoding CELLULOSE SYNTHASE 6, and
KORRIGAN1 (KOR1), a gene encoding an endoglucanase
also involved in cellulose biosynthesis, have root cells that are
depleted of microtubules. This suggests that the cellulose
synthesis process has some feedback regulation on the
cytoskeleton. A YFP-CESA6 marker was shown to rescue
the mutant prc1-1 (cesa6) and will be invaluable in dynamic
visualization of the relationship between microtubules and the
cellulose synthesizing machinery. Mutations in the cellulose
synthase subunit CES3A cause a decrease in cellulose
biosynthesis. In these mutants, a compensatory increase in
lignification and ectopic expression of defense genes has been
observed, suggesting that plants may have a cell wall integrity
mechanism similar to that of S. cerevisiae. Thorsten Hamann
(Carnegie Institute, Stanford) performed expression profiling
experiments and functional studies that implicate a putative
glutamate receptor in this cell wall integrity mechanism.
A prominent topic on signaling during vertebrate develop-
ment is the role of motile cilia in regulating HEDGEHOG (HH)
signaling. From analyses of mutants either generated in forward
genetic screens (Huangfu et al., 2003) or by transgene insertion
(Tg737orpk) (Zhang et al., 2005), it was recognized recently that
mutations in genes encoding intraflagellar transport (IFT)
proteins and other components of the cilia lead to phenotypes
similar to that of HH pathway mutants. At this meeting, several
groups (Kathryn Anderson, Sloan-Kettering Cancer Center;
Jonathan Eggenschwiler, Princeton; Lee Niswander, U. Colo-
rado Health Sciences Center; Jeremy Reiter, U.C. San Francisco
and Brad Yoder, U. Alabama) presented exciting data on how
cilia may impact HH signaling. Through comprehensive genetic
epistasis analyses, IFT genes are shown to function downstream
of Smoothened (Smo) and upstream of the Gli genes. In addition,
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found to localize to the cilia. Based on these data, it was
hypothesized that cilia function in regulating GLI protein
modification (in particular proteolytic processing) and in turn
its transcriptional activity. As the presence of cilia is cell-cycle
dependent, this may also add to a cell-cycle-dependent aspect to
HH signaling regulation. Interestingly, an insertional mutant
termed Tectonic, which disrupts a secreted protein, shares a
range of phenotypes with that of Shh and cilia mutants (J.
Reiter). Its role in either HH signaling or cilia function is yet to
be determined and signifies that more components are involved
in this already elaborate signaling mechanism. Anderson also
alluded to the fact that IFT mutants inDrosophila do not disrupt
HH signaling. Thus, the link between cilia and HH signaling
may be a recently evolved feature to fine-tune signaling through
compartmentalization of its components.
On the subject of cell–cell coordination, Andrew Oates
(Max Planck Institute, Dresden, Germany) presented work on
the role of the her1 gene, a transcription factor, in coordinating
somite segmentation and convergence/extension movements.
He showed that, in zebrafish, morpholino knockdown of her1
disrupts formation of anterior somite without affecting the
posterior ones. Examination of the expression pattern of cyclic
genes in her1 knockdown embryos shows that they continue to
oscillate but that the cyclic stripe’s width is dramatically
increased; instead of the normal number of cyclic stripes (two
to three), only one moving wave could be seen. More
intriguingly, this unusual defect did not improve as the embryo
began making normally formed segments in the posterior body.
These observations suggest that the embryo’s response to a
constant oscillator perturbation changes along the axis, with the
anterior being more sensitive. To explain this puzzling anterior-
specific somite phenotype, Oates proposed that her1 is
required to coordinate segmentation with convergence/exten-
sion movements. As forming anterior somites are wider and
contain more cells than the posterior somites, more medial-to-
lateral coordination is needed to form the anterior somites. This
explanation is supported by evidence that, when her1
knockdown is performed in the trilobite mutant, which has
wider somites than normal, the segmentation phenotype is
exacerbated in a more posterior region. Oates proposed that
her1 interacts with the other oscillator components and further
speculates that her1 may regulate the transcription of adhesion
molecules that function in convergence/extension.
Mark Krasnow (Stanford University), well known for his
work on Drosophila trachea development, presented data on
vertebrate lung for the first time. Using immunostaining to
outline the lung epithelial branches, Ross Metzger in his
laboratory meticulously mapped the branching patterns in the
first 5 days of mouse lung development. His data clearly
demonstrate that mouse lung branching follows a stereotypical
sequence. They further defined three modes of branching
termed ‘‘subroutines’’ that give rise to units of the elaborate
respiratory tree. Parallel to this work, Hernan Espinoza in the
Krasnow laboratory has carried out an impressive genome-
scale gene expression screen that led to the identification of
several hundred genes expressed in localized patterns in thedeveloping lung, including nearly a hundred ligand and
receptor genes. These comprehensive cellular and molecular
data have established a solid foundation for future research in
mammalian lung development.
Adding the fourth dimension to complex tissue interactions,
several speakers showcased the power of live imaging in
developmental studies. Elliot Meyerowitz and his postdoc Venu
Reddy (Caltech) demonstrated the value of dynamic visualiza-
tion of gene expression and cell division patterns in Arabidopsis
shoot apical meristems (http://www.computableplant.org/).
They have combined transient manipulation of gene activities
and dynamic imaging to gain mechanistic insights into the stem-
cell maintenance process mediated by the CLAVATA-
WUSCHEL regulatory network. The data relating to expression
of PIN1 (an auxin transport facilitator) were used to generate
robust models for how organ arrangement can be generated on a
shoot apex. Christiane Nu¨sslein-Volhard (Max-Planck Institute,
Tubingen, Germany) presented her laboratory’s recent work on
using live imaging to study several cellular behaviors in
zebrafish. One story focuses on the development of the lateral
line, where three cell populations: the placode-derived lateral
line primordium (LLP), axons and glia, migrate together from
anterior to posterior along the side of the fish. The exquisite
resolution of the movies in combination with appropriate
mutants allowed them to establish the hierarchy of the
migration, with the LLP towing the axon, trailed by glia
(http://www.eb.tuebingen.mpg.de/papers/gilmour_2004.html).
New molecular mechanisms have been uncovered in
signaling events between cells. Stomata are important for gas
exchange on plant leaves and stems and are formed through
stereotypic asymmetric cell divisions and differentiation that
follows a single intervening cell spacing rule. Dominique
Bergmann (Stanford U.) has begun a dissection of the signaling
pathway regulating stomatal production. The recent cloning of
YODA, a MAP3K, showed the importance of MAPK signaling
in stomatal differentiation (Bergmann et al., 2004). Mutations
in YODA lead to too many stomata (and a violation of the
single cell spacing rule) while constitutively active versions of
YODA lead to a lack of stomata (Fig. 3).
In vertebrate organogenesis, Didier Stainier (U.C. San
Francisco) presented updates from a successful screen in
zebrafish aimed to identify genes important for formation of
internal organs such as the liver. One particular mutant,
prometheus, lacks a liver in the early embryo, while other
organs initiate. Stainier’s group positionally cloned the
prometheus gene and showed that it is expressed in the lateral
plate to induce liver gene expression in the adjacent gut
endoderm. Previous work from Ken Zaret’s laboratory (Fox
Chase Cancer Center, Philadelphia) established that FGF
signaling is important for liver formation. Using pharmaco-
logical antagonists specific for either the MEK/MAPK pathway
or the PI3 kinase/Akt pathway and a genetic antagonist of FGF
signaling, he presented data demonstrating that the MEK/
MAPK pathway is important for FGF function in liver gene
induction, while the PI3K/Akt pathway is important for other,
apparently FGF-independent signals for the initiation of liver
bud morphogenesis. This work demonstrates a clear separation
Fig. 3. Signal transduction in plant epidermis development. The Arabidopsis epidermis has stomata interspersed among pavement cells (B). Mutations in the
MAP3K gene YODA lead to overproliferation and mispatterning of stomatal complexes (A), while constitutively active versions of YODA (CA-YODA) abolish all
stomata from the epidermis (C). Figure courtesy of D. Bergmann.
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the coordinate control of organogenesis by multiple signals.
Brigid Hogan (Duke U.) presented data on a conditional
knockout of Bmpr1a in the lung. The mutant exhibits dramatic
phenotype in lung development, providing genetic evidence
that BMP signaling acts locally to promote cell proliferation
and morphogenesis of lung epithelium.
Stem cells in plants: lessons from your garden. . .
In the Satellite Symposium on Plant Development held on
July 27, 2005 (organized by Kathy Barton, Carnegie Institution,
Stanford), the identity and maintenance of stem cell populations
in plants were an emerging and recurrent theme. Maintenance of
this stem cell population in the shoot meristem appears to
involve two genetic pathways involving two different home-
odomain transcription factors, SHOOTMERISTEMLESS
(STM) and WUSCHEL (WUS) (Long et al., 1996; Mayer et
al., 1998). Jennifer Fletcher (Plant Gene Expression Center,
Albany, CA) discussed the feedback loop between the
CLAVATA (CLV) and WUSCHEL (WUS) genes leading to a
dynamically balanced stem cell population at the shoot apex
(Schoof et al., 2000). ULTRAPETALA1 (ULT1), a SAND
domain protein, acts in a separate genetic pathway to restrict the
domain of WUS action. Doris Wagner (U. Penn.) used ChIP to
understand the role of chromatin remodeling during the
maintenance of stem cells at the shoot meristem. A SNF2
ATPase, SPLAYED (SYD), was shown to bind to the WUS
promoter proximal element and thus regulate stem cell
maintenance. Bruce Veit (AGRESEARCH, New Zealand)
discussed the role of the MEI2-like RNA binding proteins in
the repression of cellular differentiation and maintenance of
stem cell fate. Mutations in an MEI2 gene from maize called
TERMINAL EAR1 (TE1) lead to more cells going into the
differentiation pathway, and consequently more leaves and
shorter stem internodes are formed (Veit et al., 1998). Several
TE-like genes (TEL) were shown to repress differentiation in
general in roots and shoots, and the TEL expression domain was
enlarged in CLV mutants, while TEL overexpression in roots
led to arrested root growth, suggesting that the CLV/WUS
feedback loop may be operational in shoots and roots. Lew
Feldman (U.C. Berkeley) talked about the linkage between stem
cell fate and mitochondrial function. As polar auxin transport
causes auxin to accumulate in the root pole, reactive oxygenspecies increase and mitochondrial function is slowed down.
The end result of this altered redox state is an accumulation of
cells in the G1 phase in the root quiescent center.
The second pathway in stem cell maintenance involves
KNOTTED-like homeodomain (KNOX) proteins, including
SHOOTMERISTEMLESS (STM). STM has been shown to
repress an MYB transcription factor ASYMMETRIC LEAVES
1 (AS1, aka PHANTASTICA, ROUGH SHEATH2) (Byrne et
al., 2000; Timmermans et al., 1999; Tsiantis et al., 1999). AS1
in turn interacts with a plant-specific LATERAL ORGAN
BOUNDARIES (LOB) domain family of transcription factors
to repress other KNOX genes in leaf primordia (Xu et al., 2003).
Two different reports in maize implicated the KNOX-LOB
circuitry in processes that were not as yet known to be KNOX
regulated. Matthew Evans (Carnegie Institution, Stanford)
cloned the maize INDETERMINATE GAMETOPHYTE1
(IG1) gene and showed it to be the maize AS2 ortholog. In
ig1 mutants, in addition to defects in leaf primordia, the very
reduced haploid gametophytic phase overproliferates to pro-
duce multiple egg cells and embryos, suggesting that a
restriction of KNOX expression in the gametophyte of seed
plants might have caused this phase to become highly reduced.
Esteban Bortiri (Plant Gene Expression Center, Albany, CA)
cloned the RAMOSA2 (RA2) gene from maize and showed that
it is also an LOB domain-containing gene. Mutations in the
gene cause increased indeterminacy of inflorescence axillary
meristems. The RA2 circuitry, which involves the RA1 gene
(Vollbrecht et al., 2005), can explain the differences in
inflorescence architecture between maize, sorghum and rice.
Helena Garces (U.C. Davis) showed that plantlets formed in the
notches on leaves of Kalanchoe diagremontiana (Mother of
Thousands) go through an embryogenesis-like process involv-
ing the LEAFY COTYLEDON1 (LEC1) gene and that
expression of the KNOX gene STM likely helps to maintain
stem cell populations in these leaf notches.
Professional development and educational activities:
something for everyone. . .
A wide range of sessions and activities were organized to
address issues related to professional development and
education.
A special afternoon session on ‘‘somatic cell nuclear transfer
in humans: science, ethics and policy’’ was chaired by Sean
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ment Center) discussed reasons Hwang and Moon’s research
group was successful in establishing cloned human embryonic
stem cell lines following SCNT as well as other advances and
potential hurdles. Scott Gilbert (Swarthmore College) shared
his analysis of the way human embryos are portrayed in
various media, often as separate and autonomous beings devoid
of any context, indicating that they are developing within a
womb. Gilbert argued that such portrayals influence public
perception and need to be addressed during public discussions
on embryonic stem cells and related issues. Zach Hall, Interim
President of the California Institute for Regenerative Medicine,
provided an update on the California Stem Cell Initiative.
Afterwards, all panel members participated in a Q&A period
with meeting participants.
A session called the Road to Professoriate, organized by
Karen Bennett (U. Missouri), was held on another afternoon.
During this session, two senior and two junior faculty
discussed how to successfully get a faculty position at a
research university and how to acquire that first critical RO1
grant. Chris Wylie (Cincinnati Children’s Hospital) provided
an overview of the hiring process as practiced at most
academic research institutions and, together with Daniela
Drummon-Barbosa (Vanderbilt U. Medical Center), provided
practical advise on how best to conduct oneself during a job
interview. Keith Yamamoto (U.C. San Francisco) and Phil
Newmark (U. Illinois Urbana-Champaign) provided sobering
statistics on NIH funding rates but also helpful pragmatic
advice on better ways to approach the grant writing process.
Downloads of all the speakers’ powerpoint presentations will
be posted on SDB’s website at http://www.sdbonline.org/
education/career.php.
Another afternoon session focused on concepts in develop-
mental biology, including a rather philosophical discussion on
the very concept of ‘‘concepts’’. During a presentation
demonstrating the usefulness of ‘‘clicker systems’’ to enhance
in-the-classroom learning and assessment, Bill Wood (U.
Colorado, Boulder), once again, revealed that a disturbingly
high percentage of meeting participants cannot predict the
outcome of a genetic cross involving a maternal effect allele;
the demonstration also revealed that understanding a concept in
theory does not necessarily mean one can successfully apply it.
Other highlights of the session included Scott Gilbert’s
summary of twenty principles defining the field and Judith
Kimble’s (SDB President, U. Wisconsin-Madison) discussion
on whether concepts drive the direction of research or whether
concepts emerge from research findings.
A breakfast workshop, co-organized by Yolanda Cruz
(Oberlin College) and Sue Shafer of AXXS, brought together
meeting participants to share their ideas on how the Society
could better address the needs of junior members, particularly
with regard to career networking. Ideas for activities the
Society could support were gathered, prioritized and subse-
quently shared with the Board.
Finally, a session on ‘‘DB2010’’ was organized by Bob
DeHaan (Emory U). The session primarily focused on issues
surrounding undergraduate education. Bob DeHaan empha-sized the importance of measurable learning objectives,
identifying and building upon preconceptions, identifying and
correcting misconceptions, and the value of research experi-
ence. David Lopatto, a professor in the Psychology department
at Grinnell College, directly addressed this last issue by sharing
the results of his work analyzing the outcomes of undergrad-
uate research experience. His research indicates that many
undergraduates make the decision to pursue graduate training
in a specific discipline prior to obtaining summer research
experience; moreover, most students view the summer research
experience as helping them to achieve already planned
professional goals rather than persuading them to enter a field
they had not already considered. Lopatto argued that the
primary purpose of an undergraduate research experience may
not be to recruit students into specific fields but may contribute
to a broader understanding and appreciation of the scientific
process and of skills associated with performing research.
Graham Walker (MIT) shared his approach to improving
undergraduate education at his institution, in particular, the
teaching of a foundation course in biology that all MIT students
must take; he formed a working group of colleagues and
collaborators, modeled after the typical research group, and
developed a ‘‘hierarchical institutional biology concept frame-
work’’ that could be broadly adopted by other institutions. Both
Lopatto’s and Walker’s findings have been published (Khodor
et al., 2004; Lopatto, 2004).
Awards: time for gratitude and celebration!
Interspersed throughout the meeting were award ceremo-
nies, highlighting the fruitful careers of elder statesmen and the
bright futures of talented young investigators. Almost 50 years
ago, Ian Sussex (Yale) showed that generation of organ
polarity at the plant shoot apical meristem required information
coming from the meristem and that leaf primordia that were
surgically isolated from the meristem developed into radial
structures (Sussex, 1955). Ian’s innumerable contributions to
the field of Plant Developmental Biology were recognized with
a Lifetime Achievement Award given by the Society. In his
award lecture, he presented approaches that he and his
colleagues are using to gather information on early leaf
vascular development. Ian’s findings from 50 years ago
continue to inspire plant biologists, and the generation of
ab–adaxial polarity in plant organs was a theme explored in
many talks, both in the satellite symposium on Plant
Development and in the main meeting.
Eric Olson (U.T. Southwestern) was recognized for his 10+
years serving as Editor-in-Chief of the Society’s flagship
journal Developmental Biology. Rob Krumlauf (Stowers
Institute, Kansas) will be taking over at the end of the year.
Nicole Le Douarin (College de France and Academie des
Sciences de l’Institut de France) received the Society’s E.G.
Conklin Medal, and Bruce Alberts (National Academies and
U.C. San Francisco) received the Viktor Hamburger Outstand-
ing Educator Prize.
As in years past, several students were recognized with best
student poster awards. The judges had their work cut out for
X. Sun et al. / Developmental Biology 289 (2006) 273–282282them as a record number of posters were presented for
consideration. The top prize to an undergraduate went to
Christopher Weber in Graciela Unguez’s laboratory (New
Mexico State U) for his work on Pax7 in adult and regenerated
tails of the electric fish. In the graduate student category,
Danielle Liubicish in Nipam Patel’s laboratory (U.C. Berkeley)
took the first place prize for her study of the role of Hox genes
in crustacean appendage specialization. Judges appreciated that
novel questions were being addressed in a novel organism.
They also liked the layout of the poster, which included very
strikingly beautiful images with few words. A list of all awards,
including scholarships and travel grants, can be found on the
SDB website (www.sdbonline.org).
This annual meeting showcased the vigor of the Society.
Like waves beating on shore, new researchers are taking
charge, exerting their creativeness and determination. Although
the fog rolled in every evening, participants left the bay with
new goals in sight.
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